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\bstract Excitation of magneto-static field in matter is essentially due to orieiUation and distribution of n.agnetic moment of material 
Lhiirgcs, whatever be its apparent explanation classically and phenomenologically Classical physics of magnetic moment which is a primary 
source of magnetization m matter, has been developed systematically for various applications, including particularly those of determination of the 
l)( moments m problems of wave plasma interactions as well as wave-wave interactions in plasma
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1 I n t ro d u c t io n
I’rimaiy so u rc e s  o f  e x c ita tio n  o f  e le c tro m a g n e tic  fie ld  a rc  
dmrgcs and  e le c tr ic  c u rre n ts ; an d , se c o n d a ry  so u rces  a re  
[H )hiiizable a n d  m a g n e tiz a b le  m a tte r . M a tte r  is p o la r iz e d  by  
1 niilnmb fie ld  a n d  m a g n e tiz e d  by  e le c tr ic  cu rren ts . C h a rg es  
.iiKi d c c lr ic  c u rre n ts  in m a tte r  g e n e ra te  m a g n e tic  m o m en t 
p hysically  d u e  to  b e n d in g  o f  th e ir  m o tio n . T h e  fo rm u la  fo r 
niagiiclic m o m e n t  is  g iv e n  b y  f u n d a m e n ta l  law s o f  
clecirodynam ics o f  B io t-S a v a r t  an d  A m p e re , w h ich  s ta te  th a t 
ikciric  c u rre n ts  in lo o p s  g e n e ra te  a x ia l m a g n e to s ta tic  field , 
l oop m otio ti m e a n s  a  s e r ie s  o f  c h a n g e s  o f  d ire c tio n  o f  
nuition o f  p a r t ic le s  o f  f lu id  e lem en ts . T h e se  lo o p s  a re  n o t 
n ecessa rily  c ir c u la r  in  f in ite  re g io n s . A n y  in f in ite s im a l 
change in  th e  d ire c tio n  o f  m o tio n , d u e  to  d is tu rb a n c e s  w hich  
not sy m m e tric  in  a ll d ire c tio n s , e x c ite s  in s tan tan eo u sly  
m agnetic  f ie ld . A sy m m e try  in m o tio n  m e a n s  a  g a in  o r 
loss o fa n g u la r  m o m e n t, w h ic h  is p ro p o r tio n a l to  th e  m ag n e tic  
'i^omcnt o f  th e  c h a rg e d  p a rtic le s .
N atural ro ta tio n  o f  a  b o d y  d e p e n d s  o n  th e  o rie n ta tio n  and  
distribution o f  a n g p la r  m o m e n tu m  o f  its  sm a lle r  parts . 
M agnetization o f  a  b o d y  is d u e  to  th e  sp in  o f  its ch a rg es , 
'^hich g e n e ra te  o rd e re d  m a g n e tic  m o m en ts . S o , th is  fie ld
d ep en d s  on  th e  o rien tiition  and  d is tr ib u tio n  o f  th e  m ag n e tic  
m o m en t o f  its ch a rg e . Q u an tu m  m ech an ica l tre a tm e n t o f  
ph y sics o f  m ag n e tiza tio n  in m a tte r d ep en d s  on  th is  p h y sics  
[ I ] .  B ut, c lassica l th eo ry  fo r ex c ita tio n  o f  m a g n e tiza tio n  in 
m atte r, g en era lly , is co n sid e red  w ith o u t the h e lp  o f  c o n cep ts  
o f  m ag n e tic  m o m en t. A p p aren tly , m ag n e tiza tio n  d e p e n d s  on 
th e  n a tu re  o f  th e  fie ld s  E and  H (w h ich  im p lic itly  d ep en d  
on th e  na tu re  o f  e lec tric  c u rren t in c lu d in g  ch a g re  m o tio n ) 
and  o th e r co n d itio n s  sp ec ify in g  p ro b lem s. D e te rm in a tio n  o f  
th ese  cu rren ts  is n o t n ecessa ry  fo r p rac tica l p u rp o ses . F or 
ex c ita tio n  o f  m ag n e tic  fie ld  in th e  im p o rtan t c a se s  (ca se s  o f  
d y n am o  fie ld  o f  p lan e ts  an d  s ta rs , H all cu rren t fie ld  in M H D  
p o w e r  g e n e ra t io n , th e rm a l g r a d ie n t  f ie ld  in in e r tia l  
co n fin em en t fo r fu s io n  reac tio n  for g en e ra tio n  o f  p o w er), th e  
c la ss ica l in v es tig a tio n s  d o  no t d ep en d  o n  th e  p h y sics  o f  
m ag n e tic  m o m en t. C la ss ica l d y n am o  th e o rie s  fo r  d iffe ren t 
m o d e ls  o f  e q u ilib riu m  co n fig u ra tio n , m a tte r , m o tio n  and  
fie ld s  d e p en d s  o n  th e  a priori e x is ten ce  o f  seed  m ag n e tic  
fie ld .
S o u rces fo r m ag n e tic  fie ld  a re  p rim ary  i f  a priori ex is ten ce  
o f  a seed  field  is n o t necessary . A priori ex is ten ce
o f  a  seed  fie ld  is  n e c e ssa ry  fo r se c o n d a ry  so u rc e s . T h e
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m a g n e tic  m o m e n t g e n e ra tio n  p ro c e ss , th e  th e rm a l g rad ien t 
so u rc e s , th e  fie ld  o f  p o n d e ro m o tiv e  o rig in  is e x am p le s  o f  
p r im a ry  so u rc e s . I he d y n a m o  fie ld  and  the field  from  H all 
c u rre n t a rc  e x a m p le s  o f  se c o n d a ry  so u rces , e llip tic a lly  
p o la r iz e d  w av e  in a fu lly  io n ized , u n m a g n e ti/e d  and  non- 
co l liss io n a l p la sm a  e x c ite s  th e  D C  m ag n e tic  m o m en t d en sity  
p a ra lle l to  th e  d ire c tio n  o f  w av e  p ro p a g a tio n  fh is  fin d in g s 
e n s u r e  th a t m a g n e t ic  m o m e n t is a p r im a ry  s o u rc e  o f  
g e n e ra tio n  o f  m a g n e tic  fie ld  I'h is e llip tic a lly  p o la r iz e d  field  
in a p la sm a , can  be a lo ca lly  d e v e lo p e d  th e rm al fie ld  w h ich  
is p o s s ib le  in sp a c e  b o d ie s  ra d ia tin g  E M  fie lds.
M a g n e tiz a t io n  m a b o d y  d e p e n d s  on  o rie n ta tio n  and  
d is tr ib u tio n  o f  m a g n e tic  m o m e n t o f  ch a rg e s  in it So, th ere  
is n o th in g  like  s e c o n d a ry  so u rc e s  and  seed  m ag n e tic  field 
fo r  e x c ita tio n  o f  m a g n e tiz a tio n  in m atte r. M ag n e tic  field , 
in c lu d in g  D C  f ie ld s , is e x c lu s iv e ly  g e n e ra te d  by  m ag n e tic  
m o m en t o f  c h a rg e s  in w av e  a ffec ted  m a t te r  fh is  c o n tra d ic ts  
th e  a s tro p h y s ic a l a ssu m p tio n  o f  p rim ev a l m ag n e tic  fie ld s  by 
the  d y n a m o  th e o r ie s  w h ic h  re q u ire  th e  a prion ex is te n c e  o f  
se e d  m a g n e tic  f ie ld  [ 2 ,3 1.
rh e  p r in c ip a l so u rc e s  o f  m ag n e tic  m o m en t o f  an a to m  
are  : (i)  th e  e le c tro n  sp in , (ii)  th e  o rb ita l a n g u la r  m o m en tu m  
o f  an  e le c tro n  a b o u t th e  n u c leu s , an d  (iii)  th e  a p p lie d  fie ld  
in d u ced  c h a n g e  m the  a n g u la r  m o m en tu m . C la ss ica lly , the 
a n g u la r  m o m e n tu n i a n d  m a g n e tic  m o m en t o f  e le c tro n s  a re  
re la te d  ev e n  in the  a to m ic  sca le , o n ly  fo r the  o rb ita l a n g u la r  
m o m en tu m . T h e  sp in  o l m a g n e tic  m a te ria ls  m ay  be tre a te d  
as th e  c la s s ic a l a n g u la r  m o m e n tu m  v e c to r  [4]. I 'h e  in trin sic  
(s p in )  m a g n e tic  m o m e n t o f  atvirnic e le c tro n s , g e n e ra te s  d ip o le  
f ie ld s  w h ich  v a ry  ra p id ly  on  th e  sca le  o f  a to m ic  d im en sio n s . 
M a g n e t ic  s u b s ta n c e s  h a v e  m a g n e t ic  p ro p e r t ie s  o f  sp in  
sy s tem s , an d  a lso  h a v e  e le c tr ic a l c o n d u c tiv ity  and  d ie le c tr ic  
p o la r iz a tio n . T h e  c o lle c tiv e  b e h a v io r  o f  sp in  sy s tem s e x c ite s  
e le c tro -k in e tic  sp in  w a v e s  in m a g n e tic  su b s ta n c e s . S p in  
w a v e s  a re  q u a s i p a r tic le s  c a lle d  m a g n o n s . L ike  p la sm o n s  
an d  p h o n o n s , th e s e  a re  b o so n s .
P la sm a , th e  fo u r th  s la te  o f  m a tte r , d o e s  n o t h av e  th e  
th e r m a l lim it o f  C u r ie  p o in t  o f  te m p c ra tu ic  T, fo r  its 
m a g n e tiz a t io n , b e c a u se  th e  lo n g -ra n g e  c o lle c tiv e  p h e n o m e n a  
in a p la s m a  a re  n o t d e s tro y e d  w ith  in c rea se  o f  te m p e ra tu re . 
In m a g n e tic  m a te r ia ls  b e lo w  7 ;, o rie n ta tio n  an d  d is tr ib u tio n  
o f  sp in  a n g u la r  m o m e n tu m  o f  e le c tro n s  ex p la in  its m ag n e tic  
m o m e n tu m . A b o v e  T,., th e rm a l a g ita tio n  d e s tro y s  th e  line 
o f  m a g n e tic  m o m e n t p a ra lle l to  e a c h  o ther. So , th e  fie ld  
v a n ish e s . T h e  C u rie  te m p e ra tu re  7\ se p a ra te s  th e  d iso rd e re d  
p a ra m a g n e tic  p h a se  at l\ fro m  th e  o rd e re d  fe r ro m ag n e tic  
p h a se  a t T  <  A lso  th e  la ten t h ea t o f  tra n s it io n  from  o n e  
s ta te  to  a n o th e r  (sa y  fro m  liq u id  s ta te  to  g a se o u s  s ta te )  is 
n o t im p o r ta n t  in p h y s ic s  o f  p la s m a s . In sp i te  o f  th e se  
d is t in c t io n  b e tw e e n  p la s m a  a n d  m a g n e tic  m a te r ia ls , th e  
m a g n e tic  lik e  b e h a v io u r  o f  p la sm a  can  be  s tu d ie d .
T h e  m a g n e tic  m o m e n t o f  h y d ro g e n  n u c le u s  is abom 
10  ^ tim es  sm a lle r  th an  th e  e le c tro n  m a g n e tic  m om ent. So 
in te ra c tio n  o f  m a g n e tic  m o m e n t o f  io n ic  c o re s  w ith th t 
m a g n e tic  m o m en t o f  th e  su rro u n d in g  e le c tro n s , th o u g h  weak 
is s tu d ied , a ssu m in g  th a t ion d y n a m ic s  is no t n eg lig ib le  The 
in t r in s ic  ( s p in )  m a g n e t ic  m o m e n t o f  a to m ic  e lec tro n s 
g e n e ra te s  fie ld s  w h ich  v a ry  ra p id ly  in th e  sc a le  o f  atomn. 
d im e n s io n s . So , th e  sp in  a n g u la r  m o m e n tu m  and  sonic 
o th e r  efi'ects a rc  s tu d ied  q u a n tu m  m e c h a n ic a lly  in th e  .itoniic 
sca le .
O r ig in a lly ,  th is  m a g n e t iz a t io n  w a s  r e g a r d e d  as tin 
in v erse  o f  F a rad ay  ro ta tio n  fro m  b ire fr in g e n c e  o f  w aves ol 
r ig h t an d  left c irc u la r  p o la r iz a tio n  p ro p a g a tin g  parallel (o 
th e  d ire c tio n  o f  an a m b ie n t m a g n e to s ta tic  fie ld  in cry stals 
It w as th en  ca lle d  th e  In v e rse  F a ra d a y  E ffec t (IF F ). Thi,, 
m a g n e tiz a tio n  fo llo w s fro m  th e  law s o f  B io t-S av a rt and 
A m p e re  in e le c tro d y n a m ic s  an d  is d e te rm in e d  w ith [\k\ 
h e lp  o f  the a n a ly tic a l fo rm u la  fo r  m a g n e tic  m o m en t which 
g iv e s  th e  e x p re s s io n  fo r th e  n o n lin e a r ly  e x c ite d  seenmj 
o rd e r  z e ro  h a rm o n ic  f ie ld  in a w a v e  a f fe c te d  plasmas 
S in ce  th e  lo o p s  o f  e le c tr ic  c u rre n t fo r  g e n e ra tio n  of this 
fie ld  n eed  n o t n e c e ssa r ily  be  c irc u la r , th e  n am e  IF F  for the 
m ag n e tic  m o m en t fie ld  h as b een  a v o id e d  b y  us. I hc zero 
h a rm o n ic  (D C )  f ie ld  o f  IF F , w a s  f i r s t  e x p e iim en ta lly  
d e te r m in e d  in p re s e n c e  o f  s t ro n g  c i r c u la r ly  polarized  
m ic ro w a v e  ra d ia tio n  in so m e  c ry s ta ls  [5 -7 ] . In p lasm as, the 
stu d y  o f  IF F  by  a c irc u la r ly  p o la r iz e d  w av e  w as iniiintcd 
by  P o m eau  an d  Q u e m a d a  [8]. fh e  in f lu e n c e  o f  ion  motion 
w a s  c o n s id e r e d  b y  C h ia n  [9 ] . D e s c h a n p s  ct ul |1 0 | 
e x p e rim e n ta lly  firs t o b se rv e d  th is  e ffe c t in  p la sm as  I Kim: 
n o n fa m ilia r  te c h n iq u e s  o f  so lu tio n  o f  th e  f ie ld  equations 
the  IF F  w as s tu d ie d  b y  T alin  et al [11 ]. C o n sid e rin g  the 
r e la t iv is t ic  v a r ia t io n  o f  e le c t ro n  m a s s , th e  n o n lin earl\ 
in d u ced  m a g n e tic  m o m e n t d e n s ity  fo r  a  e irc u la r ly  polarized 
w av e  in an  e le c tro n  p la s m a  w as d e te rm in e d  by  S teiger and 
W oods [121- S u b se q u e n tly , C h a k ra b o rty  an d  h is  cowoikers 
[ 1 3 - 1 8 ]  h a v e  d e v e lo p e d  th e  th e o re tic a l in frastru c tu re  for 
c a lc u la tin g  th e  m a g n e tic  m o m e n t f ie ld  in p la sm a  under 
d if fe re n t p h y s ic a l s i tu a t io n s  p a r t ic u la ry  in la s e r  induced 
p la sm a . In a  re v ie w  p ap e r, S ta m p e r  [1 9 ] d iscu ssed  .some 
a sp e c ts  o f  th e  g e n e ra tio n  o f  m a g n e tic  fie ld  in la s e r  produced 
p la s m a .
It is fe lt th a t th e  th e o ry  o f  m a g n e tic  m o m e n t field mav 
b e  fu r th e r  d e v e lo p e d  to  u n d e rs ta n d  th e  b a s ic  p hysics ot die 
s u b j e c t .  S o  in  th i s  a r t i c l e ,  q u a l i t a t i v e  f e a tu re s  and 
m a th e m a tic a l p h y s ic s  o f  b a s ic s  o f  m a g n e tic  m om ent 
b een  d is c u sse d  k e e p in g  in m in d  th a t it w o u ld  be applicable 
b o th  in  la s e r  in d u c e d  a n d  a s tro p h y s ic a l p la sm a . This work 
d o e s  p ro v id e  th e  sc o p e  o f  s tu d y  o f  n e w  ty p e s  o f  evolution 
o f  m a g n e tic  f ie ld  w h ic h  is n o t p o s s ib le  in th e  existma 
se t up .
C l a s s i c a l  p h y s i c s  o f  m a g n e t i c  m o m e n t 441
2 . Biiiiic relations
(or a p a r t ic le  o f  m a ss  m an d  c h a rg e  q, th e  a n g u la r 
loonicntum L an d  th e  m ag n e tic  m o m en t p, in the C C S  
ti.iussian u n its , a re
L - m ( r x r ) , / r  = ^ ( r x r ) ,  d )
where r{t) is th e  p o s itio n  v ec to r o f  the  p a rtic le  at tim e t and 
y(/) IS Its v e lo c ity . In a  m ate ria l co n tin u u m , the d ie lec tr ic  
polarization v e c to r d e n s ity  P from  tra n s itio n a l d isp lacem en t 
,ind the m a g n e tic  m o m e n t d e n s i ty  M fro m  ro ta tio n a l 
displacem ent a re  g iv en  by
(2)
where ^  is th e  fie ld  in d u ced  d isp la c e m e n t, /  is the  in duced  
Lketric cu rren t and  A^ o is the  n u m b e r d en sity  o f  p a rtic les  o f  
Uiai izc Lj. T h e  fea tu re s  o f  th e  ex c ited  m o m en t field  d ep en d  
on the p a ram e te rs  o f  th e  a p p lied  w av e  fie ld , and the therm al 
siaic ex is tin g  and  c a u s in g  lo ca l th e n n a l m o d es  o f  en erg y  
iiaiisfer. F o r w av e  fie ld s  in p la sm a , th is fo rm u la  g iv es a  DC 
(/iTo h a rm o n ic ) m o m en t fie ld  and  a d o u b le  h a rm o n ic  
moment fie ld , b o th  oT sec o n d  o rd e r  o f  sm all q u an tities . T h is 
loimiila is su ita b le  fo r fin d in g  z e ro  h a rm o n ic  m o m en t /f/o in 
piobleins o f  w a v e -p la s m a  in te ra c t io n s  an d  w av e -w av e  
iiiieraclions in p la sm a .
The in teg ra l (d o m a in ) fo rm u la  fo r m ag n e tic  m om ent 
iluisit> in the n e ig h b o u rh o o d  o f  a  p o in t P fo r a ch arg e  q is
13)
uhere A is the a re a  o f  th e  lo o p  d e sc r ib e d  by q and  T is the 
(line o f  d e sc r ip tio n  o f  a c o m p le te  loop  (o r  the  tim e p erio d ), 
.md n is th e  un it v e c to r  n o n n a l to  th e  p lan e  o f  a rea  A. In 
iiKileiial m e d ia  th e  c o rre sp o n d in g  d en sity  fo rm u la  is
M =  --N^fA^|. (4 )
T he tim e de riv a tiv e  of ^  is the velocity  p e rtu rb a tio n  u w here  
the tim e d eriv a tiv e  o f  u is the acce le ra tio n  in the  eq u a tio n  
o f  m otion  for a p lasm a con tinuum .
f o r  several spec ies o f  partic les, w e w rite
^0 "  '■") = ]  (7 )
ti a ^
fo r the an g u la r m om entum  U)
fh e  m agnetic  m om ent A/o is given by a
H ence, in a p lasm a con tinuum , co nsisting  o f  severa l species 






w here  u„ ~ 4 a , d o t d en o tes  tim e de riv a tiv es, yV„ is the 
n u m b er density  o f  a-Xh spec ies o f  ch arg ed  partic les, etc. 
is d e te rm in ed  from  the equation  o f  m otion  for th is  species. 
T hese  eq u atio n s are valid  fo r several spec ies o f  charged  
fluids in p resen ce  o f  a sing le  fo rce  field . H ow ever, in 
p resen ce  o f  several fo rce fields, ap p lied  sim u ltan eo u sly  in 
a m ulti spec ies p lasm a, th e  non re la tiv is tic  m agnetic  m om ent 
den sity  and the  po la riza tio n  density  are g iven  by
where /  is th e  a v e ra g e  v o lu m e  c u rre n t p e r loop  and  No is the 
iiiimber d e n s ity  o f  th e  lo o p s .
Wc now  w rite
r To +  ^ (ro , t), (5 )
where To is th e  p o s itio n  v e c to rs  o f  th e  p o in t P and  ^(ro , /) 
IS ihc d isp la c e m e n t in d u c e d  b y  th e  ap p lie d  w av e  field . U sin g  
in (2 ) w e o b ta in
^ ( r x y )  +  ^ ( ^ x y ) ,  (6 )
where tq is th e  p re - fie ld  p o s itio n  v e c to r  o f  th e  po in t P and  
0  is th e  d is p la c e m e n t in d u ced  by  th e  ap p lied  w ave 
li '^ld. T he  c o m p o n e n ts  o f  r a re  in d e p e n d e n t variab les . In 
sim ilar fo rm u la  (2 ) , in p la c e  o f  p o s itio n  v ec to r r , the  
I 'cld in d u ced  d is p la c e m e n t v e c to r  f  w h ich  is a function  o f  










H ere, th e  su b sc rip t p  d en o tes  th e  ^ t h  fo rce  fie ld , an d  the  
su b sc rip t a  stands fo r th e  a - th  sp ec ies  o f  p a rtic les . H ence , 
is the d isp lacem en t an d  is th e  e lec tric  c u rren t in duced  
b y  the  ^ t h  fo rce  fie ld  on th e  p a rtic les  o f  th e  a - th  sp ec ies  
o f  p lasm a.
4 4 2 B Chakraborty, Rqjarshi Bhattacharya and S N Paul
S i m i l a r l y ,  th e  e x p r e s s i o n  f o r  th e  v o lu m e  c u r re n t  / a n d  
d o m a in  f o r m u la  f o r  M  a r e
M
,/ II
( 1 6 )
( 1 7 )
w h e r e  / V  th e  f r e q u e n c y  o f  th e  / i-th  w a v e  f i e ld  in
r a d ia n s  p e r  s e c o n d ) ,  is  th e  o s c i l l a t io n  n u m b e r  p e r  s e c o n d .
T h e s e  g e n e r a l  f o r m u la s ,  w r it te n  in t u i t iv e ly ,  r e d u c e  to  th e 
s t a n d a r d  f o r m s  f o r  a  s i n g le  fo r c e  a n d  a  s in g le  f lu id  s p e c ie s .  
T h e i r  d e r i v a t io n  o n  a  m o r e  f irm  p h y s ic a l  fo u n d a t io n  is  
a w a i t e d
3 .  M a g n e t i c  m o m e n t  d e n s i t y  in  t h e  L o r e n t z  f o r c e  f o r  
c o n v e c t i o n  c u r r e n t
W e  f in d  h e r e  th e  in v o lv e m e n t  o f  m a g n e t ic  m o m e n t  d e n s i t y  
M  in th e  L o r e n t /  f o r c e  d e n s i t y  f r o m  th e  c t m v e c t io n  c u r re n t  
y , u s in g  a  t b n n u la  l in k in g  th e  v o lu m e  c u r r e n t  / a n d  th e  
s u r f a c e  c u r r e n t  y , c o n s id e r i n g  th e  a p p r o x im a t io n  th at th e 
a r e a s  o f  lo o p s  o f  e l e c t r i c  c h a r g e s  a n d  th e  H e ld  p o in t  P  a r e  
s o  s m a l l  th a t  M  a n d  / c a n  b e  r e g a r d e d  c o n s ta n ts  in th e 
in t e g r a t io n  o v e r  t h e s e  r e g io n s .
T h e  L o r e n t z  fo r c e  d e n s i t y  (j, * E )!c  o c c u r s  in  th e  e q u a t io n s  
g e n e r a t in g  m a g n e t ic  f ie ld  in d i f f e r e n t  c a s e s  o f  m a jo r  c l a s s i c a l  
s t u d ie s ,  w h ic h  a r e  fo r  ih e  th e rm a l g r a d ie n t  s o u r c e ,  th e  
d y n a m o  s o u r c e ,  th e  H a l l  c u r r e n t  s o u r c e  a n d  th e  d i f f u s i v e  
f i e ld  s o u r c e  w it h  th e  h e lp  o f  g e n e r a l i z e d  O h m ’ s  la w . A l s o ,  
(h e  e q u a t io n  o f  t o r q u e  o f  a l l  th e  t e n n s  o f  O h m ’s c o n t a in s  
a  te rm  o f  M  T h e  m a g n e t ic  m o m e n t  e q u a t io n  f r o m  th e  
t o r q u e  la w ,  a l s o  c o n t a in s ,  a  te rm  o f  th e  c u r l  o f  th e  
p o la r iz a t io n  d e n s i t y  P  w h ic h  is  a l s o  a  k n o w n  s o u r c e  o f  M. 
F o r  s o m e  o t h e r  s o u r c e s  ( th e  p o n d e r o m o t iv e  f o r c e ) ,  th e  
^ / - d e p e n d e n t  te rm  f o l l o w s  f r o m  a n  e q u a t io n  o f  a n  e le c t r o n  
p la s m a .
F r o m  th e  d e f in i t io n  o f  v o lu m e  c u r r e n t  /  a n d  s u r f a c e  
c u r re n t  y  o f  e l e c t r o d y n a m i c s  [2 0 ,2 1 J ,  w e  w r it e
/  ■ = ^  (/, Jr,) - Jdr, / -  /() iV o , ( 1 8 )
With the help of eq. (18), we integrate the Lorentz force 
density Fp and obtain
1 1 1 ''-'"' * ;jj|  ^ -«)
w h e r e  S t o k e s ’ t h e o r e m  in  th e  fo r m
(19 )
(20)
f o r  in t e g r a ls ,  h a v e  b e e n  u s e d ; X ”  is  th e  s u r f a c e  e n c lo s in g  the 
/-th lo o p  a n d  is  a  v e c t o r  s u r f a c e  c le m e n t  a t  a  p o in t on 
/,. T h u s ,  w e  o b t a in  th e  e x p r e s s i o n  f o r  th e  L o r e n t z  fo rc e  in 
t e n n s  o f  M  :
- ( M x  V ) x i J  .
C o n s id e r  n o w  th e  e x p r e s s i o n  f o r  th e  t o r q u e  N  o f  the 
L o r e n t z  f o r c e
NdV = - {r x ( j  X B ) ) JV  = \ [rx (d rx  B ))
-\{^ r - B )d r- (r  d r)B \ . ( 22)
W e  a s s u m e  th at th e  v a r ia t io n  B  a n d  / is  n e g l i g ib le  o v e r  the 
v o lu m e  o f  a  c u r r e n t  lo o p  F. T h e n  th e  s e c o n d  te rm  o f  th e righi 
s id e  o f  ( 2 2 ) is  a n  e x a c t  d i f f e r e n t i a l ,  in t e g r a t io n  o f  w h ic h  ovei 
r  v a n is h e s .  T h e n  in t e g r a t in g  ( 2 2 ) ,  w e  o b t a in
w h e r e  dV  is  th e  t h r e e - d im e n s io n a l  v o lu m e  e le m e n t ,  dr, is  th e  
l in e  e le m e n t  o f  th e  /-th lo o p  c a r r y i n g  th e  c u r r e n t  / „  /  is  th e  
a v e r a g e  v o lu m e  c u r r e n t  d e n s i t y  a t th e  p o in t  P ( r ) ,  dr is  th e  
a v e r a g e  o f  th e  l in e  e le m e n t s  a n d  N o is  th e  n u m b e r  o f  c u r re n t  
lo o p s  p e r  u n it v o lu m e .  W c  a l s o  a s s u m e  th e  s m a l l  lo o p  
a p p r o x i m a t i o n ;  s o  th a t  I  a n d  B  r e m a in  c o n s t a n t s  in th e  a r e a s  
o f  th e s e  lo o p s .  F ie n c e ,  /  a n d  B  a r e  ta k e n  o u t  o f  th e  in t e g r a t io n  
u s e d  in  th e  t h e o r e t i c a l  in v e s t ig a t io n s .  T h e  c o n v e c t io n  c u r r e n t  
y , is  u s e d  in  th e  L o r e n t z  f o r c e  d e n s i t y  to  f in d  th e  M- 
d e p e n d e n t  te rm  w it h  th e  h e lp  o f  ( 1 8 ) .  T h e  L o r e n t z  f o r c e  te rm  
c o n t a in in g  th e  c o n d u c t io n  c u r r e n t  jc  f in d s  th e  H a l l  c u r r e n t .
A g a i n ,  s in c e  d [(r- B )r ) - ( r -  R )d r^ {d r- B )r  , th e  le ft  side 
b e in g  a n  e x a c t  d i f e r e n t ia l ,  e q .  ( 2 3 )  g i v e s
A d d i n g  ( 2 3 )  a n d  ( 2 4 ) ,  w e  g e t
r B )d r - {d r ^ B )r ]
x M )d V . (2 5 )
Hence,
N  = M x B .  (26 )
The results of (21) and (26) are known in physics, and the 
specific treatments of convection current in the Lorentz force 
term to obtain (21) and (26) are available in text book 
literature [20]. But the other steps to be ^opted in what 
follows, are new and have not been considered earlier.
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4 , M a g n e t i c  m o m e n t  i n  t h e  p o n d e r o m o t i v e  f o r c e  
g e n e r a t in g  e q u a t i o n
P o n d e rm o t iv e  f o r c e  i s  th e  f o r c e  o f  th e  g r a d ie n t  o f  th e  e le c t r ic  
field a m p l it u d e  w h ic h  w e a k l y  v a r ie s  a l o n g  th e  d ir e c t io n  o f  
the w a v e  p a th . T h i s  w e a k  v a r ia t i o n  r e s u l t  is  o b t a in e d  a l t e r  
a verag ing  o v e r  o n e  t i m e  p e r i o d  ^  o f  th a t w a v e  f ie ld . A  
strong la s e r  f o r c e  i s  r e s p o n s ib l e  f o r  th e  v a r ia t io n  o f  th e  
aioplitude a l o n g  th e  d i r e c t io n  o f  th e  w a v e  p a th . T o  f in d  th is  
torce, w e  a s s u m e  th e  e l e c t r i c  f i e ld  £ ( r , r )  =  Eo{r^ + 4(ro,i)) 
■ cos fl fo r  0 - cot, a n d  e x p a n d  it  in  p o s i t i v e  in t e g r a l  p o w e r s  
o f  the w a v e  f i e l d  in d u c e d  d i s p la c e m e n t  th e  p a r t ia l  t im e  
d e r iv a t iv e  o f  w h i c h  is  th e  v e l o c i t y  p e r t u r b a t io n .
T h e  r e le v a n t  e q u a t io n s  o f  m o t io n  o f  th e  e le c t r o n  p la s m a  
()l th e  f i r s t  a n d  s e c o n d  o l d e r  a r e
Hi = - — £ i ( r , 0  = - — £ o ( 'b ) c o s 0 , 
m m
I/t
m “ / W i V f ) '
( 2 7 )
( 2 8 )
In ( 2 8 ) , w c  r e p l a c e  th e  f i r s t  o r d e r  c u r r e n t  / }  b y  th e  su m  
y f / '  w h e r e  /  is  th e  c o n v e c t i o n  c u r r e n t  o f  th e  L o r e n t z  f o r c e  
and /  is  th e  p o n d e r o m o t i v e  f o r c e  r e la t e d  c u r re n t . S in c e  
w, ^ (ro , 0 ,  in t e g r a t io n  o f  ( 2 7 )  g i v e s
w, -  ^  =  -  — £ ( f o ) s i n 6 > ,  
met)
y £ o ( r o ) c o s ^ .
(I *nuo^
I hen ( 2 8 )  c a n  b e  w r it t e n  a s
( 2 9 )
Ml = ----- COS^ 7
m
£o ( ro) +  — ( £o ■ V , )  ( £o cos 6?)
mco
( 3 0 )
l a r a d a y 's  la w  o f  E M  in d u c t io n  g i v e s  th e  m a g n e t ic  In d u c t io n  
v e c to r  B\ in  t e r m s  o f  E\. T h u s ,
£ i = V ,  x £ o ( i b ) s i n 0 .
fO
~  r e a d sir
H e n c e  u s in g  th e  v e c t o r  fo r m u la  v [  - ^ ) =  ( / I  • V ) / l  
x ( V x / l )  , w e  f in d  th a t
w h e r e  F^, -  ^ ( M x V ) x B ,  
ftiN
F  - ~S/
” 4m^~co -^
( 3 3 )
( 3 4 )
(35 )
E v id e n t ly ,  Fp i s  th e  p o n d e r o m o t iv e  f o r c e  p e r  p a r t ic le ,  a n d  
Ff,i is  th e  m a g n e t ic  m o m e n t -d e p e n d e n t  f o r c e  p e r  p a r t ic le .  
C o m p a r in g  th e s e  t w o  f o r c e s ,  w e  f in d  th a t
| £ a,
- { M x V ) x B
VI ■
, ,  M B C0‘= 16;r-p------;—
l u  £fl <o\,, ( 3 6 )
4m^(W^
w h e r e  co],,, = - - - - - - - - - - ; | V |  o f  is  r e p la c e d  b y  —  a n d
|V |  o f  Fp b y  y - ,  s o  th a t l/^  is  th e  c h a r a c t e r is t i c  le n g th  o f
v a r ia t io n  o f  F^f a n d  /,, is  th e  s a m e  o f  Fp.
In  th e  p r e s e n c e  o f  a  c i r c u la r l y  p o la r iz e d  w a v e  o f  a m p lit u d e  
fl, f r e q u e n c y  m  a n d  w a v e  n u m b e r  k, in th e  l in e a r iz e d  
a p p r o x im a t io n  o f  th e  f ie ld  e q u a t io n , th e  D C  m a g n e t ic  
m o m e n t  d e n s i t y  is  g iv e n  b y
/ A/
M , ( 3 7 )
H e n c e , th e  r e la t io n  ( 3 6 )  r e a d s
le a  
mcco ’ (38 )
(3 1 )
riien  th e  L o r e n t z  f o r c e  a v e r a g e d  o v e r  th e  w a v e  t im e  p e r io d
x f - ^ V , o  X £ o ( 'b ) s i n ^ j \
-  [£o(»b) ( V  X £ o ( 'b ) ) ] , (32 )
w h e re  lx ) = xdt f o r  7" =  “
'  '  r J o  ^
T h is  r e la t io n  s h o w s  th at a s  th e  f i e ld  in t e n s ity  in c r e a s e s ,  | F m | 
in c r e a s e s  a n d  1 F ^ |  d e c r e a s e s  w ith  in c r e a s e  o f  th e  a p p l ie d  
w a v e  f r e q u e n c y .
5 .  M a g n e t i c  m o m e n t  in  t h e  g e n e r a l i z e d  O h m ’ s  l a w  f o r  
f o u r c e s  o f  m a g n e t iz a t i o n
F o r  s tu d y  o f  e v o lu t io n  o f  m a g n e t iz a t io n , w c  n o w  c o n s id e r  
th e  g e n e r a l i z e d  O h m 's  la w  o f  th e  fo r m  [ 2 3 ] ,
1
+ ^ { 7 x £ )  + - ^ ^  + /7
cA^o' '  ’ eNo (39 )
w h e r e  u is  th e  p la s m a  s t r e a m  v e l o c i t y ,  K h is
th e  B o l t z m a n  c o n s ta n t ,  Tc is  th e  e le c t r o n  k in e t ic  t e m p e r a t u r e .
4 4 4 B Chakrah(jrt}>, Rajarshi Bhattacharya and S N Paul
\V is  th e  e le c t r o n  c o l l i s i o n  f r e q u e n c y ,  a n d  7 7  r e p r e s e n t s  th e  
s u m  o f  th e  r e m a i n i n g  te r m s , in c lu d in g  th e  n o n l in e a r  te rm s  
o f  h ig h e r  o r d e r .  In  th e  fo u r t h  te r m  in  th e  r ig h t  h a n d  s id e ,  w e
r e p l a c e  j  b y  th e  s u m  y , ,  w h e r e  /  =  Ncfu ~ )  >
j '  ~ o T : B ) . 'I 'h e n  u s in g  th e  r e la t io n  ( 2 1 ) f o r  th e  
L o r e n t z  f o r c e  d e n s i t y ,  w e  g e t
eN,
(A/x V)x i?. (40)
N o w  w e  ta k e  c u r l  o f  a l l  th e  t e n n s  of th is  e q u a t io n  a n d  
a p p l y in g  F a r a d a y 's  la w  o f  E M  in d u c t io n , o b t a in
I r9B
V x E : ^ -
c dt
cN .^  ^ ' c ^ cc
N ,




- ( / M x V ) x B ( 4 1 )
H e n c e ,  th e  m a g n e t iz a t io n  e v o lu t io n  e q u a t io n  r e a d s  
■ ( iM x V ) x «
—— + —V X 
(h e Af„
^ ^ ( v r , x V N , ) 4 - v x ( « x f i ) - . l v
U x / J )
N ,
mev^ T7 ( 1 .V x  — j
N, .
(42)
T h e  f i r s t  t e n n  in  th e  le f )  s i d e  i s  th e  f a m i l i a r  t im e  d e r i v a t iv e  
o f  B. T h e  s e c o n d  te r m  in  th e  le f t - h a n d  s id e  g i v e s  th e  M- 
d e p e n d e n t  f o r c e  p e r  u n it  v o lu m e
F ,  =  - V  X B ( 4 3 )
It is  to  b e  m e n t io n e d  th a t th e  f i r s t  te r m  o n  th e  r ig h t  h a n d  side 
o f  ( 2 )  r e p r e s e n t s  th e  t h e r m a l g r a d ie n t  s o u r c e ,  th e  s e c o n d  term 
r e p r e s e n t s  th e  d y n a m o  f i e ld ,  th e  th ird  te rm  g i v e s  th e  Hall 
c u r r e n t  a n d  th e  fo u r th  te rm  s ta n d s  f o r  th e  d i f f u s i v e  field
6 . M a g n e t i c  m o m e n t  in  t h e  e q u a t i o n  o f  t h e  t o r q u e  o f  all 
t h e  t e r m s  o f  t h e  g e n e r a l i z e d  O h m 's  l a w
T h e  e q u a t io n  f o r  th e  t o r q u e  o f  a l l  th e  t e r m s  o f  th e  g e n e ra liz e d  
O h m 's  la w ,  w h ic h  is  in  e s s e n c e  a n  e q u a t io n  o f  m o t io n , is
( ^ x £ )  =  - l r X
-I- —  r x  
cc
- L ( y .  X B ) + ^ { M . B )
mVr rx
L e t  u s  t a k e  c u r l  o f  ( 4 5 )  a n d  u s e  th e  v e c t o r  r e la t io n  
Vx(rx /t )  = -2/t + r(V-.4)-(r-V)/t 








- { M y . B ) + 2nP, (4 6 )
w h e r e  / * ( =  rp'^ , i s  th e  s p a c e  c h a r g e  s e p a r a t io n  p e r  unit 
v o lu m e )  i s  th e  p o la r iz a t io n  p e r  u n it  v o lu m e .  T h i s  e q u a t io n  
c o n t a in s  th e  A / - d e p e n d e n t  f o r c e  p e r  u n it  m a s s
(4 7 )
I t  d e p e n d s  o n  s p a c e  d e r i v a t iv e s  o f  M . E v o l u t i o n  o f  th e
dB
m a g n e t o s t a t i c  f i e l d  is  o b t a in e d  b y  i g n o r in g  in  ( 4 2 )  a n d
i n v e s t ig a t i n g  th e  r e s u l t i n g  e q u a t io n  w h ic h  is  in d e p e n d e n t  o f  
t im e  :
, . ^ ( v r , x w , ) t | v x ( « x * ) - i v
S i n c e  it is  th e  c u r l  o f  a  v e c t o r ,  it  h a s  s p a c e  d e r i v a t iv e s  and 
it d o e s  n o t  c o n t a in  t im e  d e r i v a t iv e s .  A l s o  e q . ( 4 6 )  c o n ta in s  
a l l  th e  te r m s  o f  e q .  ( 3 9 ) ,  a n d  a  p o la r iz a t io n  te r m  w h ic h  is 
n e w  a n d  s o m e  o t h e r  t e r m s  o f  s m a l le r  o r d e r s  o f  th e  ty p e  o f  
t h o s e  in  th e  r ig h t  h a n d  s id e ,  w h i c h  w e  h a v e  ig n o r e d .  T a k in g  
c u r l  o f  a l l  th e  te r m s  o f  e q u a t io n  ( 4 6 ) ,  w e  o b t a in  th e  m a g n e t ic  
f i e ld  e v o lu t io n  e q u a t io n
^ ( v r ,  x V 7 V , )  +  V x ( « x i l ) - ^ V
(4 8 )
The left-hand side contains in addition to the usual time 
derivations of B, a term depending on Af and a new tenn
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2 m ( V  X P )  w h ic h  g i v e s  th e  m a g n e t iz a t io n  f r o m  th e c u r l  o f
polan/ation.
C o m p a r is o n  o f  th e  o r d e r  o f  m a g n it u d e  o f  th e  d e p e n d e n t  
lerm s in th e  le f t  s i d e  o f  ( 4 2 )  a n d  ( 4 3 )  g i v e s
\fA
l/^2 l
V x { 4 f x V ) x B j |






M, ( 5 3 )
An
o f  N p a r t ic le s  is
( 5 5 )
T h e  4 - v e c t o r  m a g n e t ic  m o m e n t  d e n s i t y  is  s i m i la r ly  
d e f in e d  b y
A//'*' =  >  ' >
^  2c
( 5 8 )
\ U in c  F i  is  g i v e n  b y  ( 4 3 )  a n d  h\ is  t l ie  s e c o n d  te rm  in  th e 
left h an d  s id e  o f  ( 4 8 )  g i v e n  b y  ( 4 7 ) .
7. Nonlinear H a r m o n i c  generation o f  magnetic moment
I f / .  IS th e  a n g u la r  m o m e n t u m  d e n s i t y ,  th e n
I - iV, (50)
w h ere  ,V is  th e  t o r q u e  o f  th e  f o r c e  d e n s i t y  F. S i n c e  M  = f  'L, 
w h ere  F  is  th e  g y r o m a g n e t i c  r a t io  te n s o r . F o r  a  s in g le
e le c tro n , C ~ ■ U s in g  ( 3 1 )  th is  r e la t io n  g i v e s
M  / ( A / x  « )  =  - ( r / ; ,  x 8 ) ,  ( 5 1 )
w h ere  IS th e  e le c t r o n  m a g n e t iz a t io n  g y r o f r e q u e n c y .  
M u re g e n e r a l l y ,  in c lu d in g  a l s o  io n  d y n a m ic s ,  w h ic h  is n o n -  
n e g lig ib lc  fo r  w a v e s  o f  lo w  f r e q u e n c y  ( w a v e  f r e q u e n c y  le s s  
ihan th e io n  g y r a t io n  f r e q u e n c y ) ,  w e  w r it e
A /, -  -  X  / / ) ,  A /, -  -  X  / / ) , (5 2 )
w h ere
S o lv in g  ( 5 0 )  f o r  a  c i r c u la r l y  p o la r iz e d  w a v e  g i v e n  b y  E  ~ 
aieos 0, s in  0, 0 ) ,  w h e r e  0 kz -  h7, wc o b t a in
M  - M , +  M, -  - r 2 j y ) ( - s i n ^ ,  c o s ^ ,  O) ( 5 4 )
lo r th e f i r s t  h a r m o n ic  g e n e r a t io n  o f  th e  m a g n e t ic  m o m e n t .
8 . F o u r - v e c t o r  f o r m u l a t i o n
1 he r c l a t i v i s t i c a l l y  c o r r e c t  a n g u la r  m o m e n t u m  o f  a  s y s t e m
w h e re  AW, is  th e  r e s t  m a s s  o f  th e / - th  p a r t ic le ,  y P } )
i s  t h e  r e l a t i v i s t i c  f a c t o r .  T h e  4 - v e c t o r  
re p re s e n ta t io n  o f  th e  a n g u la r  m o m e n t u m  is
~  . (56)
/
w h e re
xf = (r,, ct), pi- = jj, = ,^m,c^  = m,c^  ■ (57)
w h e r e  7 / -  ( y , , cp^ i s  th e c h a r g e  d e n s ity .
9 , S o m e  a s s e s s m c n t a l  r e m a r k s
I h e  m a g n e t ic  m o m e n t p h y s ic s  w i l l  r e m a in  v a l id  w h e n  th e  
m e a n  fr e e  p a th  in th e  p la s m a  is  g r e a t e r  th a n  th e  a v e r a g e  lo o p  
d ia m e t e r , b e c a u s e  th e n  c o l l i s io n s  c a n n o t  e f f e c t i v e l y  d c .s tro y  
th e  lo o p s  c u r re n t  fo r  g e n e r a t io n  o f  th e  m a g n e t ic  m o m e n t .
C la s s i c a l  th e o ry  o f  m a g n e t ic  m o m e n t w i l l  f a i l  a n d  q u a n tu m  
m e c h a n ic a l  th e o ry  w i l l  b e  n e c e s s a r y  f o r  X - r a y s  a n d  fo r  
m a g n e t ic  f ie ld s  in th e r a n g e  o f  te s la .  T h i s  is  b e c a u s e  X - r a y  
w a v e  le n g th s  a r e  o f  th e  o r d e r  o f  d e B r o g l i e  w a v e  le n g t h s , a n d  
fo r  t e s la  f i e ld s ,  th e  g y r a t io n  r a d iu s  o l  c h a r g e s  is  o f  th e  o r d e r  
o f  a t o m ic  d im e n s io n s .
W ith  th e  h e lp  o f  th e e le c t r o d y n a m ic a l  r e la t io n  Jc/v -  / J r ,  
a n d  s o m e  v e c t o r  r e la t io n s ,  th e  L o r e n t z  f o r c e  d e n s i t y  fo r  th e  
c o n v e c t io n  c u r re n t  o f  e l e c t r i c i t y  is  e x p r e s s e d  in  t e n n s  o f  Af 
A ls o  th e  to rq u e  o f  th e  s a m e  L o r e n t z  f o r c e  w h ic h  a p p e a r s  in  
a  m a g n e t iz a t io n  e v o lu t io n  e q u a t io n , is e x p r e s s e d  in  te r m s  o f  
Af. M o r e o v e r ,  th e  to rq u e  o f  th e  e le c t r o s t a t ic  f o r c e  w h ic h  a l s o  
a p p e a r s  in th is  e q u a t io n , g e n e r a t e s  a  te rm  o f  c u r l  o f  th e  
p o l a r i z a t i o n  d e n s i t y  v e c t o r  E  a s  a n o t h e r  s o u r c e  o f  
m a g n e t iz a t io n .
E m p h a s i s  h a s  b e e n  g iv e n  b o th  o n  th e  q u a l i t a t iv e  a s p e c t s  
a n d  o n  th e  d e v e lo p m e n t  o f  b a s ic  th e o r y .  In p a r t ic u la r ,  th e  
c o m p le m e n t a r i t y  o f  m a g n e t r i c  m o m e n t  a n d  d i e l e c t r i c  
p o la r iz a t i o n  h a s  b e e n  d i s c u s s e d ;  th e  f a c t s  h a v e  b e e n  
e m p h a s iz e d  th at m a g n e t ic  m o m e n t  h a s  b e e n  s h o w n  to  b e  a 
p r im a r y  s o u r c e  o f  g e n e r a t io n  o f  m a g n e t iz a t io n ;  th is  f i e ld  
f o l l o w s  f r o m  th e  b a s ic  la w s  o f  e l e c t r o d y n a m i s ;  a n d  
c o n s e q u e n t y  fro m  a s y m m e t r y  o f  e l e c t r i c  c u r r e n t  a n d  m o t io n  
o f  c h a r g e s .  S o ,  it is  th e  b a s ic  p r o c e s s  o f  g e n e r a t io n  o f  
m a g n e t o s ta t ic  f ie ld .  H e n c e , th e  e x i s t e n c e  o f  D C  m a g n e t ic  
m o m e n t  f ie ld s  in w a v e  a f f e c t e d ,  a n d  u n m a g n e t iz e d  p la s m a , 
c h a l le n g e s  th e  a s t r o p h y s ic a l  a s s u m p t io n  o f  th e  p r im e v a l  
c o s m ic  m a g n e t ic  f ie ld  fo r  e x i s t e n c e  o f  p r e s e n t  fo r m  o f  
f i e ld s  o f  s p a c e  b o d ie s ,  w h ic h  a r c  e x p la in e d  b y  th e  d y n a m o  
t h e o r ie s  th a t r e q u ir e  a n  a priori e x i s t e n c e  o f  a  s e e d  m a g n e t ic  
f ie ld .
C l a s s i c a l  p h y s i c s  o f  m a g n e t ic  m o m e n t  h a s  m a n y  
in t e r e s t in g  a n d  u s e fu l  a s p e c t s  w h ic h  r e m a in  u n d e v e lo p e d  
a n d  u n u s e d . In  th is  a r t ic le ,  w c  c o v e r  n o n r e l a t iv i s t i c a l l y  in a n  
o r d e r e d  m a n n e r , b a s ic  a n d  p r e l im in a r y  a s p e c t s  o f  th is  p h y s ic s .  
T h e  im p o r ta n t  fo r m u la s  h a v e  b e e n  d i s c u s s e d  a n d  g e n e r a l i z e d  
in t u i t iv e ly  f o r  s e v e r a l  s p e c i e s  o f  c h a r g e d  f lu id s  a n d  s e v e r a l  
f o r c e  f i e ld s  a c t in g  s im u lt a n e o u s ly  in  a  p la s m a .
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